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Abstract* Recent progress in the definition of mol- 
ecules involved in immune regulation has led to 
the discovery of a number of type I membrane gly- 
coproteins with a distinctive, cysteine-rkh, repet- 
itive domain structure within their extracellular 
regions. Because the prototype members of this 
family are receptors for cytokines (tumor necrosis 
factor ITNF1 and nerve growth factor [NGF]), U 
was expected that the ligands for the other recep- 
tors would possess cytokine-Hke activities. This 
prediction has been fulfilled by the cloning of 
cDNA encoding a series of type II membrane gly- 
coproteins, with homology to TNF, that bind to, 
and signal through, their cognate receptors. While 
the biological role of some of these ligand-receptor 
pairs remains obscure, at least two members of 
the family, CD40 and Fas, have proven their 
importance. The human X-linked immunodefi- 
ciency, hyper IgM syndrome, is the result of muta- 
tions in the CD40 ligand gene, and the Fas and 
Fas ligand genes are mutated in two mouse strains, 
Ipr and gld, that develop autoimmune disease. 
These findings, together with other evidence, point 
to key roles of CD40/CD40 ligand interactions in 
immune activation, particularly in T-dependent 
B cell responses, and of Fas/Fas ligand in apopto- 
sis and peripheral tolerance. These molecules, as 
well as the other ligands of the family, share the 
property of costimulation of T cell proliferation 
and are alt expressed by activated T cells. More 
detailed analysis of the expression patterns of lig- 
ands and receptors on lymphocyte subpopulations 
will be necessary to define their different roles in 
immune activation and suppression. 
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Introduction. 

The purpose of this review is to summarize 
current knowledge of the structures and biologi- 
cal activities of an emerging family of ligands 
and receptors that are structurally related to tumor 
necrosis factor (TNF) and its receptors. Because 
TNF has been studied extensively for a number of 
years and comprehensively reviewed [1, 2), I 
will concentrate on the more recently character- 
ized members of the family and refer to the TNF 
system for comparison. Although the low affin- 
ity nerve growth factor receptor (NGFR) is 
related to the TNF receptor (TNFR), nerve 
growth factor (NGF) and its homologs, the neu- 
rotrophins, are not structurally related to TNF 
and will not be considered here (3, 4]. 


The Receptor Family 

The first of the receptors to be cloned was 
the low affinity receptor for NGF [5]- The two 
receptors for TNF, p75 and p55, were also rec- 
ognized and cloned by virtue of their ability to 
bind TNF [6-8]. Many of the other family mem- 
bers were first identified by the generation of 
monoclonal antibodies recognizing the particular 
cell-surface protein. These antibodies were found 
to mediate functional effects when cross-linked 
and/or to stain interesting cell populations, as 
discussed later. 

Additionally, a number of members of the 
poxvirus family have been shown to encode 
secreted TNF-binding proteins with strong 
homology to the extracellular domain of the 
TNF receptor [9. 10]. Presumably, the viruses 
acquire these genes from the cellular genome 
during evolution and use the soluble TNF-bind- 
ing proteins to antagonize the ami- viral action of 
TNF during infection of the host. 
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Abstract. Recent progress in the definition of mol- 
ecules involved in immune regulation has led to 
the discovery of a number of type I membrane gly- 
coproteins with a distinctive, cysteine-rich, repet- 
itive domain structure within their extracellular 
regions. Because the prototype members of this 
family are receptors for cytokines (tumor necrosis 
factor ITNF1 and nerve growth factor tNCFD, It 
was expected that the ligands for the other recep- 
tors would possess cytokine-like activities. This 
prediction has been fulfilled by the cloning of 
cDNA encoding a series of type II membrane gly- 
coproteins, with homology to TNF, that bind to, 
and signal through, their cognate receptors. While 
the biological role of some of these Kgaad-receptor 
pairs remains obscure, at least two members or 
the family, CD40 and Fas, have proven their 
importance. The human X-linked immonodefi. 
ciency, hyper IgM syndrome, Is the result of muta- 
tions in the CD40 ligand gene, and the Fas and 
Fas figand genes are mutated in two mouse strains, 
ipr and gtd, that develop autoimmune disease. 
These findings, together with other evidence, point 
to key roles of CD40/CD40 ligand interactions in 
immune activation, particularly in T-dependent 
B cell responses, and of Fas/Fas ligand in apopto- 
sis and peripheral tolerance. These molecules, as 
wen as the other ligands of the family, share the 
property of costimulation of T cell proliferation 
and are all expressed by activated T celts. More 
detailed analysis of the expression patterns of lig- 
ands and receptors on lymphocyte subpopulations 
will be necessary to define their different roles in 
immune activation and suppression. 
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Introduction. 

The purpose of this review is to summarize 
current knowledge of the structures and biologi- 
cal activities of an emerging family of ligands 
and receptors that are structurally related to tumor 
necrosis factor (TNF) and its receptors. Because 
TNF has been studied extensively for a number of 
years and comprehensively reviewed (1, 2), I 
will concentrate on the more recently character- 
ized members of the family and refer to the TNF 
system for comparison. Although the tow affin- 
ity nerve growth factor receptor (NGFR) is 
related to the TNF receptor (TNFR). nerve 
growth factor (NGF) and its homology the neu- 
rotrophins, are not structurally related to TNF 
and will not be considered here {3. 4]. 


The Receptor Family 

The first of the receptors to be cloned was 
the low affinity receptor for NGF (5J- The two 
receptors for TNF, p75 and p55, were also rec- 
ognized and cloned by virtue of their ability to 
bind TNF [6-&J. Many of the other family mem- 
bers were first identified by the generation of 
monoclonal antibodies recognizing the particular 
cell-surface protein. These antibodies were found 
to mediate functional effects when cross-linked 
and/or to stain interesting cell populations, as 
discussed later. 

Additionally, a number of members of the 
poxvirus family bave been shown to encode 
secreted TNF-binding proteins with strong 
homology to the extracellular domain of the 
TNF receptor (9. 10]. Presumably, the viruses 
acquire these genes from the cellular genome 
during evolution and use the soluble TNF-bind- 
ing proteins K> antagonize the anti- viral action of 
TNF during infection of the host. 
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With the exception of these viraliy encoded 
proteins, the remaining family members (CD40 
[11]. CD30 [12J. CD27 (13], 4-1BB [14], Fas 
[15). OX40 [16] and TNFR-related protein 
(TNFR-RP) [17]) are type I membrane glyco- 
proteins characterized by the presence of vari- 
able numbers of repeated domains of about forty 
amino acids in length (Fig. 1). The distinguishing 
feature of these domains is the presence of a num- 
ber of cysteine residues with a characteristic spac- 
ing pattern. Additional amino acid homologies 
can be recognized between domains in the same 
or different receptors, so that overall homologies 
between family members within these domains 
are in the range of 25%. These cysteine-rich 
domains constitute the ligand binding portion of 
the receptor. C-lerminal to the cysteine-rich 
- domains are stretches of amino acids, of variable 
length, that are rich in proline, serine and threonine 
residues and are therefore predicted to be sites 


for addition of O-linked glycosylation. CD30 is 
thus far unusual in that it has a partial duplica- 
tion of the cysteine-rich and O-linked sugar-nch 
regions. The cytoplasmic domains of the receptors 
are of variable length and show no homology to 
other proteins of known function, such as tyro- 
sine kinases. While there is no general sequence 
motif common to all family members, some lim- 
ited sequence homology has been recognized 
between CD40. TNFRp55 and Fas. A so-called 
"death" domain, responsible for the triggering of 
apoptotic cell death, has been defined in the Fas 
cytoplasmic domain, and this region shows 
homology to TNFRp55 [18. 191. The cytoplas- 
mic domains of 4-1BB and CD27 also share a 
region of sequence homology |20]. Clearly, the 
strong sequence homology between the receptor 
family members suggests that the genes evolved 
from a common ancestor by duplication and 
divergence. This is supported by similarities in 
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Tabic I. Chromosomal locations of the genes for 
ihe TNF-rclaied ligands and their receptors 

Human Mouse 


Receptors 

TNFR P 75 1 p36 4 distal 

CD30 I p36 

4-lBB 4di5ta! 

OX40 

TNFRp55 12 pi 3 o 

TNFR-RP 12pl3 

CD2? 12 pi 3 

CD40 20 2 distal 

Fas I0q24 19 distal 

Ligands _ . . 

TNF-a 6 (MHC) 1 17 (MHC) 

LT-a 6 (MHC) 17 (MHC) 

LT-p 6 (MHC) 17 (MHC) 

CD27L I9p!3 

4-lBBL I9p!3 17 centra) 

CD30L 9q32 4 central 

CD40L X q26 X proximal 

FasL 1 dislal 


'MHC refers to a location within the major histo- 
compatibility complex for the closely linked TNF-a. 
LT-a and LT-P genes. The information is compiled 
from the following sources: TNFRp75 (115. 116). 
CD30 (1 17], 4-lBB (26). TNFRp55 1115. 116]. 
TNFR-RP (17). CD27 (22). CD40 (118. 1 19). Fas 
1105. 120). LT-fl (28). CD27L (25). 4-lBBL (26). 
CD30L (24). CD40L (60). FasL (121). 


intron/exon organization as well as close genetic 
linkage for the TNFRp55 .CD27 and TNFR-RP 
genes (17. 21. 22) (Table I). 


The Ligand Family 

The functional activity of cross-linked anti- 
bodies to various members of the TNFR/NGFR 
family strongly indicated that natural ligands with 
cytokine-like activity would exist for these orphan 
receptors. Indeed, in the past two years, ligands 
for CD40, CD30, CD27. 4-1 BB and Fas have 
been identified and cloned [23-27). All have 
proved to be type I! membrane glycoproteins with 
homology to TNF within their C-terminal extra- 
cellular domains (Fig. 2). Additionally, another 
member of the family. lymphotoxin-P (LT-p). 
was identified as a cell-surface protein complexed 
to TNF-P (also known as lymphotoxin-a and 
referred to here as LT-a. The term TNF will be 
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used when describing properties shared by TNF-a 
and LT-a) [28J. 

Structures of the Ligands and Ligand: 
Receptor Complexes 

TNF-a is found as both a cell-surface, type 
II membrane glycoprotein and as a proteolyti- 
cally cleaved, soluble form. LT-a is a secreted 
protein but can also be found complexed to LT- 
P on the membrane (discussed below). The struc- 
tures of TNF-a and LT-a have been determined 
by X-ray crystallography [29-31]. Both mole- 
cules are trtmeric, and each monomer is com- 
posed primarily of p-strands. Two sheets formed 
by eight antiparallel P-strands are arranged in a 
sandwich structure, described as a P-jetlyroll. 
Alignment of the carboxy-terrninal sequences 
of the ligand family members (-150 amino 
acids) with TNF-a and LT-a shows amino acid 
identities ranging from 12-29%, with particular 
conservation within the P-strand regions, includ- 
ing the residues in TNF-a and LT-a that are 
involved in intersubunit contacts. Indeed, it is 
possible to model the structure of CD40L on 
those of TNF-a and LT-a and achieve good 
superimposition of the p-strands [321. This type 
of analysis strongly suggests that all the TNF- 
related ligands will share the same p sandwich 
structure and will likely be raultimers* perhaps 
uimers like TNF-a and LT-a, 

A major advance in the understanding of 
how these ligands bind to their receptors and 
trigger signaling came with the determination 
of die crystallographic structure of LT-a bound 
to the extracellular domain of the TNFRp55 
[33]. The LT-a trimer can be visualized as a 
pyramid-like structure with three vertical sur- 
face grooves formed at the intersubunit inter- 
faces. Each receptor monomer forms an 
elongated structure, slightly bent, with the four 
cysteine-rich domains stacked on top of each 
other. Each receptor monomer binds to the inter- 
face between LT-a monomers and thus makes 
contact with two ligand monomers. Conversely, 
each LT-a monomer binds two receptors. 
However, there is no contact between receptors 
in the ligand binding region. These interactions 
are shown schematically in Figure 3. This recep- 
tor-ligand structure immediately suggests that 
receptor binding to ligand will induce clustering 
of receptors within the transmembrane and 
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4-1BBL 


LT-a 

TNF-a (TNF-p) 



brane-bound LT-p. 


cytoplasmic domains that would be the trigger 
for signal transduction. In other receptor fami- 
lies such as the tyrosine kinases and the 
hematopoietin receptors, receptor-receptor inter- 
actions have also been suggested to initiate sig- 
nal transduction {34, 35]. This model is also 
consistent with the agonistic nature of many 
monoclonal antibodies directed against the 
TNFR superfamily members. The antibodies 
are only able to stimulate a signal when they 
are cross-linked, leading to receptor clustering. 

CD40/CD40L 

CD40 was first described as a 50 kDa gly- 
coprotein expressed on B cells and B cell pre- 
cursors as well as epithelial cells (36). 


Cross-linked antibodies to CD40 were shown 
to mediate profound effects on B cells, including 
homotypic adhesion via induction of type one 
intracellular adhesion molecule (ICAM-i) and 
CD23. elevation of B7 and class II major his- 
tocompatibility (MHC) antigen expression, cos- 
timulation of proliferation in conjunction with 
anu-lgM or phorbol myristate acetate (PMA) 
or interleukin (IL)-4. and costimulation of 
immunoglobulin (lg) secretion with IL-4 [37- 
42]. Of particular interest was the observation 
that human B cells could be grown in long-term 
culture when stimulated by anti-CD40 presented 
by L cells expressing Fc receptors m the pres- 
ence of IL-4 or IL-10 [43. 44]. The choice of 
cytokine greatly influenced the pattern of Ig 
isotypes produced in these cultures. Specifically. 
IL- 10 caused upregulation of IgM, IgG I . IgG2. 
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Fie 3 Schematic representation of an LT-a (TNF-P) homotrimer binding to Us receptor. As discussed in the 
text each receptor monomer (shown as a rod) binds to the interface between ligand monomers (shown as a groove 
in the pyramid-like structure). Binding of the ligand to the three receptor monomers causes clustering, bringing 
together the cytoplasmic domains of the receptor and initiating signal transduction. 
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IgG3 and IgA, while IL-4 stimulated IgG4 and 
IgE production [45» 46]. Antibodies to CD40 
have also been shown to prevent apoptosis of 
germinal center centrocytes in culture (47]. 
CD40 itself was cloned in 1989 [ 1 1 ) and shown 
to have the structure depicted in Figure I. 

In order to search for a source of CD40L. 
a chimeric fusion protein was produced thai 
joined the extracellular domain of CD40 to the 
Fc region of human IgGl (48]. This dimeric 
molecule could then be used as a surrogate anti- 
body to detect CD40L expression using flow 
cytometry. The mouse thymoma line, EL-4, was 
found to show specific binding of CD40.Fc and 
subjected to fluorescence activated cell sorting to 
derive a cell population expressing higher levels 
of the putative ligand. The ligand was then 
cloned by direct expression in mammalian cells 
using radiolabeled CD4G\Fc binding to detect 
transfected cells expressing the ligand [23]. The 
murine CD40L sequence was then used to clone 
the human equivalent by cross-species hybridiza- 
tion or polymerase chain reaction (PCR) [49, 
50]. The structure of the ligand is shown in 
Ficure 2: the extracellular. C-ternitnal domain 


contains four cysteine residues in the mouse 
(five in the human) and one N-linked glycosy- 
lation site. The human and murine amino acid 
sequences are 78% identical. Us homology to 
TNFhas already been discussed, and of all the 
currently known TNF-related ligands, CD40L 
is distinguished by having the longest "spacer*' 
between the transmembrane domain and the TNF 
homology region. 

The recombinant CD40L, either expressed 
as a cell-surface protein on transfected cells or as 
a soluble molecule (rendered trimeric by fusion 
to either the extracellular domain of CD8 or a 
modified leucine zipper motif), possesses all the 
biological activities on B cells predicted from 
studies using anti-CD40 antibodies [23, 49-55]. 

The CD40L is expressed predominately on 
activated CD4* T cells, but also on a small pro- 
portion of CD8* T cells (49]. It is also expressed 
on mast cells and basophils [56J. Both natural 
and recombinant CD40L are visualized as a sin- 
gle band of 33 kDa on sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS 
PAGE) under reducing or non-reducing condi- 
tions 1231. As discussed above, the multimeric 
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siatus of CD40L is unknown, although modeling 
studies would suggest a trimer. 

It had been known for some time that acti- 
vated helper T cells could provide a contact- 
dependent signal to B cells in vitro that stimulated 
proliferation and, if cytokines were present, Ig 
production [57]. This activity could be demon- 
strated with fixed T cells or with membrane frac- 
tions. Blocking studies with CD40.Fc or with a 
monoclonal antibody, subsequently shown to rec- 
ognize CD40L, demonstrated that CD40L was 
the molecule responsible for this activity 158, 59]. 

Despite the multitude of examples of CD40L 
activities on B cells in vitro, the proof of the 
importance of CD40/CD40L in vivo came from 
the demonstration that mutations in the CD40L 
gene were the cause of a human immunodefi- 
ciency disease. The mapping of the CD40L gene 
to Xq26 immediately suggested that hyper IgM 
syndrome (HIGM), previously mapped to this 
locus, might be a result of disruption of CD40L 
function (60, 61]. Males with this condition suf- 
fer from recurrent bacterial infections starting 
from birth. Although they have normal numbers 
of circulating B cells and normal to greatly ele- 
vated levels of IgM and IgD, they have no ger- 
minal centers and low or absent IgG, A and E 
[62]. Activated T cells from HIGM patients were 
unable to bind CD40.Fc, although some could 
bind a polyclonal antibody to CD40L (60, 63- 
66]. Sequencing of CD40L cDNA from the 
HIGM patients revealed a variety of point muta- 
tions, which, when introduced into a CD40L 
expression vector, abrogated all tested in vitro 
functional assays of the ligand [60, 63], The 
mutations, both single amino acid substitutions 
and deletions, mapped to the TNF homology 
region of the ligand. One exception introduced a 
charged amino acid into the hydrophobic trans- 
membrane domain, thus preventing cell surface 
expression of CD40L [60, 63, 64, 66). Finally, 
it was shown that B cells from HIGM patients 
could respond normally in vitro, when stimu- 
lated with wild type CD40L, in proliferation and 
Ig secretion assays [60, 63]. These studies 
demonstrate conclusively that CD40L is required 
for isotype switching and affinity maturation in 
the germinal center and prove the importance of 
T cell-expressed CD40L for B cell differentia- 
tion. Although CD40L can be shown to stimu- 
late both B cell proliferation and IgM production 
in vitro, it may be that in vivo the recurrent bac- 
terial infections stimulate other pathways of B 
cell activation and IgM production- 


Some other clinical features of HIGM 
patients are not so easily explained by absent 
CD40L stimulation of B cell function. In partic- 
ular, neutropenia and infection by intracellular 
pathogens such as Pneumocystis carinii are com- 
mon [62]. Perhaps CD40L has functions on other 
cell types? In this regard, an increased number 
of such functions have recently been demon- 
strated. CD40L can stimulate the production of 
granulocyte-macrophage colony-stimulating fac- 
tor (GM-CSF) from thymic epithelial cells in the 
presence of IL-1 and interferon (IFN)-Y [67]. 
CD40 was discovered to be expressed at low lev- 
els on monocytes and greatly upregulated by IL- 
3, GM-CSF, and IFN-7 [68). Recombinant 
CD40L-mediated triggering of these cells leads to 
IL-6 and IL-8 production which is markedly 
enhanced by IL-3 or GM-CSF. IFN-7 can 
enhance IL-6 but not IL-8 production. Although 
CD40L alone did not induce TNF secretion, 
CD40L synergized strongly with IL-3, GM-CSF 
or IFN-Y to stimulate the production of TNF by 
monocytes. Finally, CD40L alone induced strong 
tumorictdal activity of monocytes against a 
melanoma target T cells, too, express low levels 
of CD40, and the activities of recombinant 
CD40L so far reported on T cells are upregulation 
of IL-2Ra (CD25), CD69, and CD40L itself; 
stimulation of IL-2, IFN-y and TNF-a produc- 
tion; and costimulation of proliferation in con- 
junction with a variety of agents such as 
phytohemagglutinin (PHA) or anti-CD3 [69]. 
Although CD40L does induce low levels of IL-2 
production by T cells, the proliferation mediated 
by CD40L costimulation on both CD4* and CD8* 
T cells is largely IL-2 independent. 

While it is not yet possible to prove directly 
that these non-B cell activities of CD40L are 
directly responsible for the neutropenia and intra- 
cellular infections seen in HIGM patients, the 
subject merits more study. Already there is 
enough evidence to support a role for CD40L in 
immune activation in which it participates not 
only in the stimulation of B cell differentiation 
towards affinity maturation and isotype switch- 
ing, but also the enhancement of the function of 
the B cell as an antigen presenting cell (via upreg- 
ulation of class II MHC and the costimulatory 
molecule B7), the activation and expansion of T 
cells, and the stimulation of cytokine secretion 
and functional activation of monocytes. 

A critical role for CD40L in immune acti- 
vation is also supported by the finding that an 
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antibody to CD40L can block both primary and 
secondary humoral immune responses to T- 
dependent antigens in vivo [70]. This antibody 
was also able to prevent collagen-induced arthri- 
tis, a mouse model of autoimmune disease [71]. 

CD27/CD27L 

CD27 is a 55 kDa, disulfide-linked, homodi- 
meric glycoprotein whose expression has so far 
been described only on lymphocytes [72]. 
Cloning of CD27 revealed it to be a member of 
the TNFR family [13], Both agonistic and antag- 
onistic monoclonal antibodies to CD27 have 
been reported. The former are able to costimulate 
T cell proliferation in conjunction with PHA or 
anti-CD3 [72], while the latter have been 
reported to inhibit T cell proliferation induced by 
various stimuli, including antigen, antt-CD2. 
anti-CD3 or PHA [73]. One report describes 
inhibition of pokeweed mitogen-induced B cell 
IgG synthesis by anti-CD27 [73]. CD27 expres- 
sion is induced upon T cell activation [74], and 
a soluble form of the molecule, comprising the 
extracellular domain, is shed by proteolytic 
cleavage [75]. Increased circulating levels of 
soluble CD27 are a marker for T cell activation 
[76]. CD27 is expressed on both CD45RA* naive 
T cells and CD45RO* primed T cells [77]; how- 
ever, CD27 expression is absent from a sub- 
population of CD45RO* T cells that has been 
shown to include fully differentiated, mature 
effector T cells [78]. CD27 expression cannot 
be reinduced in these cells. 

On B cells, CD27 expression is only found 
on cells that have differentiated sufficiently to 
be able to secrete Ig [79]. It is not expressed by 
naive B cells. CD27 is also expressed on some 
natural killer (NK) cells and upregulated by IL-2. 
Antagonistic anti-CD27 antibodies can inhibit 
IL-2 Induced NK cytolytic activity [80]. 

The CD27L was identified and cloned 
using a CD27.Fc fusion molecule largely as 
described forCD40L [25]. Relatively high lev- 
els of CD27.Fc binding were found on an 
Epstein-Barr virus (EBV)-transformed, lym- 
phoblastoid cell line, MP- 1, and this was used as 
the source for expression cloning of CD27L. 
The CD27L cDNA showed a typical sequence 
for a member of the TNF-related ligand fam- 
ily, with four cysteine residues and two N-linked 
glycosylation sites in the extracellular domain. 
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The recombinant protein showed an apparent ^ 

molecular weight of 29 kDa or 50 kDa under = 

reducing conditions when expressed in different 5- 

cell types (25, 81]. The CD27L mRNA is g 

detectable in cells of T, B and monocytic lin- » 

eages, and the protein is upregulated upon T or ^ 

B cell activation. Very recently. CD27L was £ 

shown to be identical to CD70 [82]. The recom- "8 

binant CD27L is able to costimulate T cell pro- a. 

liferation as expected by studies with anti-CD27 o 

[25]. This proliferation is independent of IL-2. _ 

CD27L also enhances Cytotoxic T Lymphocyte <* 
(CTL) generation in a lectin-mediated killing 

assay [25]. The ability of an antibody to CD27L 8 

to block allogeneic B cell-induced stimulation of § 

T cell proliferation suggests that certain anti- o 

gen presenting cells, like B cells, may use g 

CD27L as an important second signal for T cell z 

recruitment and expansion [81]. While a con- g 

ceptual framework is emerging for the function g 

of CD27/CD27L on T cells, much more study is rr. 
needed of its role on B cells and NK cells. 3 

4-IBB/4-1BBL m 

o. 
<V 

4- IBB was identified as a murine cDNA • 
whose corresponding mRNA was upregulated 
upon T cell activation [14]. It was subsequently ^ 
recognized as a member of the TNFR superfamily 3. 
[6], but little else was known about the protein "g 
and its ligand until recently. Generation of an anti- 
body to 4- 1 BB allowed its detection as a 30 kDa o 
glycoprotein found in monorneric and dimeric 3 
forms on activated T cells and thymocytes [83]. As " 
might be predicted, the antibody was costimulatory §T 
forT cell proliferation. The cytoplasmic domain of "§ 
4- 1 BB contains a consensus site for Lck binding as <jT 
is found in CD4 and CD8, and 4- IBB can be ST 
shown to bind Lck [84]. Although one report o- 
shows that murine 4- 1 BB can bind to extracellular c 
matrix proteins, it is not clear that this has any ^> 
functional significance [85). £ 
The murine 4- 1 BB ligand was identified and 5 
expression cloned using a 4-1 BB.Fc fusion pro- <g 
tein and EL-4 cells as a source [26). Unlike the 5 
other members of the TNF-related ligand family * 
which show sufficient homology to allow cross- 
hybridization between human and mouse cDNA 
(between 70 and 80% amino acid identity), the 
human 4-1BBL proved impossible to detect using 
this method. Instead, a human 4- IBB cDNA was 
obtained using the murine probe that had 60% 
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amino acid identity. A human 4-1BB AM» 
protein was then constructed and used to expres- 
sion clone 4-IBBL from an activated human T 
cell clone [86). The human and munne ^ligand 
sequences shared only 36% ammo and dent > 
The eenes for both human and munne 4-1BB tag 
ands are closely linked to the «nr gene, suggesting 
that they really are homologs and not two d.s- 
linct ogiids for 4-1BB. The 4-IBBL is the larges 
of the TNF-related ligand family and »s found as 
a disulfide linked, glycosylated homod.mer of 
100 kDa.The expression of the 4-IBBL. a. least 
at the message level, appears quite broad_ 
Transcripts can be found not only in activated T 
cells but in bone marrow and thymic stromal 
cells, activated macrophages. EBV-transformed 
B cells, a neuroblastoma cell line, a megakary- 
oblastic leukemia cell line and a variety of tis- 
sues. However, the only biological activity of 
the ligand that has been described is costimu- 
lation of T cell and thymocyte proliferation. 
Clearly, much remains to be learned about this 
ligand-receptor pair. 

OX40 
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OX40 is one of the least well characterized 
of the TNFR family. It was recognized in the 
rat by the generation of a monoclonal antibody, 
specific for activated T cells, that could cos- 
timulate T celt proliferation [87]. Both rat and 
mouse 0X40 cDNA were subsequently cloned 
and used to confirm the restricted expression 
of the protein [16. 88). Cloning of the OX40 
ligand has not yet been reported, although one 
paper reports the staining of a subset of B cells 
with an OX40.Fc fusion protein, and the pre- 
cipitation of a 70 kDa cell-surface protein using 
this reagent [881- It remains to be determined 
if this represents a bona fide OX40 ligand. 

Lymphotoxin-B (LT-B) 

LT-B was detected as a-membrane protein, 
expressed on activated T cells. B cells and NK 
cells, complexed with LT-a [89). LT-a is more 
commonly found in a soluble homotrimeric 
form, so it was assumed that the cell surface LT- 
a:LT-P complex was a heterotrimer of both 1 :2 
and 2:1 sioichiometry. after the cloning of LT-B 
revealed it to be a type II membrane glycoprotein 


belonging to the TNF-related ligand family 
Interestingly, the LT-P gene is very- closely linked 
to the TNF-o and LT-a genes in the MHC region. 
Very recently it was determined that the TNrK- 
RP may be a receptor for LT-B [90). The recom- 
binant TNFR-RP. expressed as an Fc fusion 
protein, precipitated LT-B alone (presumably a 
homotrimcr) or a heterotrimer of two molecules of 
LT-B and one molecule of LT-a. However. 
TNFR-RP did not bind LT-a alone or a het- 
erotrimer of two molecules of LT-a and one mol- 
ecule of LT-p. Conversely. TNFRp55.Fc bound 
LT-a homotrimers and the 2:1 LT-o:LT-p com- 
plex but not LT-P homotrimers or the 2:1 Li- 
B-LT-a complex. It is not clear whether the 
heteromeric complexes would be expected to sig- 
nal through TNFR or TNFR-RP because only a 
maximum of two receptors of one type could bind 
the complex. (As discussed above, each receptor 
monomer binds to the cleft between two ligand 
monomers and would be specific for a cleft 
between identical monomers.) Neither has it yet 
been demonstrated that LT-p homotrimers can 
signal through TNFR-RP. although it seems 
likely The ability of TNF-related ligands to form 
heteromeric complexes, although yet to be 
demonstrated with any other family members, 
adds greatly to the potential biological complex- 
ities of the systems. It also raises the possibility of 
heteromeric receptor complexes. 


CD30/CD30L 

CD30 is unique among the TNFR family 
members in that it has been extensively studied 
for more than a decade as a clinical marker for 
various lymphomas [91). Despite this, we under- 
stand very little of its biological role. High levels 
of CD30 are usually expressed on the Reed- 
Stemberg cells of Hodgkin's disease and on a sub- 
set of non-Hodgkin s lymphoma known as large 
cell anaplastic lymphoma (LCAL) [92). It is also 
found on a proportion of other lymphomas such as 
Burton's and adult T cell leukemia/lymphoma, as 
well as a variety of tumors of epithelial and mes- 
enchymal origin 192. 93). On normal cell pop* 
lations. CD30 is expressed on subsets of activated 
T and B cells, and one report describes expres- 
sion on monocytes differentiated in vitro [94]. 

CD30 is a 120 kDa cell-surface glycopro- 
tein [95) but has also been reported to exist as 
an independently synthesized intracellular 57 kDa 
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proiein 196]. The molecular cloning of CD30 
showed ii 10 have an unusual structure for a 
TNFR family member, with a duplication of 
cysteine rich and serine-threonine rich domains 
(Fig. 1) [12). The structure of the cDNA did not 
reveal how a 57 kDa intracellular form could 
be synthesized. 

Once again, a CD30.Fc fusion protein was 
used to identify and clone a CD30 ligand cDN A 
from an activated murine T helper cell clone [24]. 
The murine cDNA was then used to isolate the 
human homolog from an activated T cell cDNA 
library. The CD30 ligands have a typical structure 
for members of the TNF related family. There- 
are five (human) and'six (mouse) N-linked gly- 
cosylation sites in the extracellular domain and 
five cysteine residues. Mouse and human 
sequences share 72% amino acid identity. The 
protein is detected as a 40 kDa monomer on SDS 
gels under reducing conditions that forms disul- 
fide linked dimers and higher multimers in the 
absence of reduction. It is expressed by activated 
T cells and monocytes. 

The recombinant CD30 ligand and cross- 
linked monoclonal antibodies to CD30 can cos- 
timulate T cell proliferation as is found with 
other family members. This is accompanied by 
an uprcgulation of ICAM-1 expression by the 
T cells. The ligand can also enhance the prolif- 
eration of several Hodgkin's disease derived 
Reed-Sternberg cell lines, suggesting the pos- 
sibility that an interaction between CD30L on 
activated T cells, surrounding Reed -Sternberg 
cells in a malignant lymph node, and CD30 on 
the Reed-Sternberg cells might contribute to 
the disease process. In contrast, recombinant 
CD30L mediated a cytostatic and cytotoxic 
effect on LCAL-derived cell lines in culture, 
suggesting a possible clinical utility for the lig- 
and or agonistic anti-CD30 antibodies [6, 97). 

Fas/FasL 

The Fas/APO-1 antigen was discovered by 
the generation of monoclonal antibodies selected 
for their ability to kill cell lines in vitro (98, 99]. 
It was established that the killing was via induc- 
tion of apoptosis (active or programmed cell 
death) in the target cell. The antibodies were 
used to show that Fas is a 50 kDa membrane 
glycoprotein, to clone the Fas cDNA and to iden- 
tify Fas as a TNFR family member 1 15]. Because 


TNF is also able to mediate apoptosis in some 
cell lines, comparisons were made between the 
cytoplasmic domains of Fas and the TNFRs. A 
region of 65 amino acids showing 28% amino 
acid identity between Fas and TNFRp55 was 
identified and shown by mutational analysis to 
mediate cytotoxicity in both molecules [ 1 8, 19]. 
The Fas protein was also shown to contain a 
short stretch of amino acids at its C-terminus 
that negatively regulated cytotoxicity [18). 
Deletion of the C-terminal 15 amino acids 
enhanced Fas-mediated killing. 

The Fas antigen has quite a wide distribu- 
tion. It is found on thymocytes, CD45RO* 
(primed or memory) T cells, B cells, and mono- 
cytes as well as liver, heart, lung and ovary [100, 
101]. Many cultured cell lines of diverse origin 
express Fas. Of particular note is that Fas-medi- 
ated cell death is usually observed only with cul- 
tured cell lines and not with primary cell cultures. 
(The exception is the hepatotoxicity caused by 
injection of anti-Fas antibody (102].) Freshly iso- 
lated T cells, for example, which express Fas, are 
resistant to Fas-mediated killing, but acquire sen- 
sitivity after several days in culture { 103]. Indeed, 
it has recently been shown that Fas antibodies 
can costimulate the proliferation of freshly iso- 
lated thymocytes or T cells { 104]. In this respect. 
Fas antibodies resemble antibodies or ligands for 
the other TNFR family members, and the parallel 
with the TNF system is especially close as TNF 
has been shown to costimulate both T and B cell 
proliferation as well as to mediate apoptosis of 
certain cell lines. 

An extremely important advance in our 
understanding of Fas biology came with the 
finding that the genetic lesion of the Ipr/lpr 
mouse, a model for spontaneous autoimmune 
disease, resides in the Fas gene (105]. The Ipr 
(eg) allele carries a mutation in the cytoplas- 
mic domain of Fas that was shown to abolish 
Fas-mediated cytotoxicity, and the other known 
ipr allele expresses little if any functional Fas 
mRNA due to the insertion of a transposable 
element into an intron of the Fas gene (105, 
106]. Thus, cells from Ipr/lpr mice are resistant 
to Fas antibody-mediated killing. What is the 
connection between Fas defects and autoim- 
mune disease? The first suggestion was that Fas 
was involved in negative selection of poten- 
tially autoreactive T cells during their develop- 
ment in the thymus. However, a test of this 
hypothesis showed that negative selection 
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appeared intact in Ipr/lpr mice (107). An alter- 
native hypothesis views the conversion from a 
Fas-mediated activation signal to a Fas-medi- 
ated cytotoxic signal as being important in reg- 
ulating self-reactive lymphocytes in the 
periphery as well as a mechanism for downreg- 
olating an immune response once the antigen 
has been cleared from the system [104, 108]- 
Loss of Fas activity would lead to the accumu- 
lation of lymphocytes that would normally have 
undergone apoptosis, some of which would be 
autoreactive. 

The Fas ligand has very recently been 
cloned. A key finding was that the.Ca 2 Mnde- 
pendent cytotoxicity of a rat-mouse T cell 
hybridoma, selected for its high levels of cyto- 
toxicity, was mediated by Fas ligand.Fas inter- 
actions [109]. This cytotoxicity was rapidly 
induced by PM A and ionomycin treatment. Cells 
from Ipr/lpr mice were resistant to this killing, 
and susceptibility to Ca ; Mndependent killing 
could be conferred to a resistant cell line by 
transfection of Fas. Similar data were obtained 
using PMA and ionomycin activated, antigen- 
specific, normal peritoneal exudate lymphocytes 
as the cytotoxic cells. The rat-mouse hybndoma 
was then shown to bind a FasJFc fusion protein, 
sorted for increased Fas ligand expression, and 
used to construct an expression cDNA library 
from which the ligand cDNA was isolated and 
shown to mediate apoptosis by triggering Fas 
(27J. The FasL, which turned out to be of rat 
origin, shows a typical TNF-related ligand struc- 
ture and indeed resembles TNF more than other 
family members. Like TNF. but unlike other 
family members, a biologically active, soluble 
form of the molecule is generated at relatively 
high levels upon transient expression in COS 
cells in addition to the membrane bound form. 
Whether a soluble form of FasL occurs natu- 
rally remains to be determined. FasL mRNA can 
be detected in testis, small intestine, lung and 
kidney, as well as in activated thymocytes and 
splenocytes. Very recently the FasL has been 
identified as the product of the mouse gld gene 
[1 10]. This had been previously expected for 
several reasons. Mice homozygous for the gld 
mutation have an identical phenotype to Ipr/lpr 
mice, but their cells express Fas and can be killed 
bv anti-Fas antibodies. Antigen-specific peri- 
" toneal exudate lymphocytes from gld/gld ani- 
mals cannot mediate Ca 2 *-independent 
cytotoxicity, whereas Ipr/lpr-dt rived ceils can 


1109] and g/^M-derived activated T cells can- 
not bind Fas.Fc, whereas equivalent cells from 
Ipr/lpr mice can {I Ill- 


Conclusion 

The discovery of the families of molecules 
related to TNF and its receptors has opened an 
important new area of research with major 
insights having already been obtained in the 
understanding of the control of immune activa- 
tion and differentiation. The existence of spon- 
taneously occurring mutations in ligand or 
receptor genes {Ipr/lpr mice and H1GM patients) 
has been particularly helpful in this regard. The 
creation of mice in which the TNFRp55 gene is 
disrupted has also shown the importance of this 
receptor in the response to infection by certain 
pathogens [1 12, 1 13]. In view of the pleiotropic 
and redundant biological activities of the recom- 
binant ligands in vitro, the construction of more 
such "knock-out" mice will be essential in 
understanding the role of each family member. 

Apart from the structural similarities and the 
shared feature of multimeric ligands signaling 
through receptor clustering, other common ele- 
ments of this family of molecules are ligand- 
induction of cytokine expression, upregulation 
of adhesion molecules and activation antigens, 
the shedding of soluble receptors after activation, 
and stimulation of cell proliferation and cell death 
on different populations. Table II shows our cur- 
rent state of knowledge on the expression of the 
ligands and receptors on cells of the immune sys- 
tem. It is immediately obvious that all the recep- 
tors and ligands arc expressed on activated T cells. 
As mentioned above, all the ligands share the 
property of costimulaUon of T ceil proliferation, 
which would suggest redundancy of function. 
However, even the limited studies that have been 
done to date suggest that the receptors and lig- 
ands will be found on different lymphocyte or 
monocyte subpopulations, will have different 
requirements for induction, and will be induced 
and expressed with different kinetics. There is 
also a good possibility that synergistic interac- 
tions will take place between different ligands. 
As has been found with other receptor families, it 
is likelv that theTNFR-related receptors will acti- 
vate more than one intracellular signaling path- 
way. Some of these pathways will be common to 
several receptors, others will be unique. Recently. 
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Table II. Expression of T N?-rclated ligands and receptors by different cells of the immune system 
_____ _— — ^ Monocytes Other 


T cells 


3 
to 


CD 
CO 
<T> 

(__> 

CO 

o 

•§ 


o 
3 

CO 


CD40L 

+ (act.) 1 

CD40 

+ 

CD30L 

+ (act.) 

CD30 

+ (act.) 

CD27L 

+ (act.) 

CD27 

+ 

4-lBBL 

+ (act.) 

4-1BB 

♦ (act.) 

FasL 

+ (act.) 

Fas 

+ 


♦ (act.) 
+ (act.) 


mast cells 
basophils 
thymic 

epithelial cells 


± 4 (act.) 
+ (acL) 


\ (act ) means the expression of the protein is induced or increased upon activation of the cell. 
=- indicates that expression of the molecule has not yet been convincingly demonstrated. 

lineage, but not on primary cells. ■ 


9t 
o 

to 


another facet of the biology of this ligand-recep- 
tor family has begun to emerge: the reciprocal 
transmission of a signal through the ligand as 
well as through the receptor following ligand- 
receptor interaction. This has now been docu- 
mented for both CD40L and CD27L (CD70) [82, 
1 14]. Understanding these issues will be a chal- 
lenge for years to come. Finally, although most 
work on this family has focused on the immune 
system, at least some of the receptors have a much 
broader distribution (TNFR, Fas. CD40), imply- 
ing other, as yet unknown functions. This area, 
too, is worthy of more attention. 
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